Introduction
Titan is usually embedded within the rotating magnetosphere of Saturn, a configuration which leads to the formation of a "flow-induced" magnetosphere, via the draping of the magnetic field in the subcorotating flow about the moon (Titan's orbital speed of ∼6 km s −1 is small compared to the typical speed of the rotating plasma, ∼120 km s −1 ). Recently, Bertucci et al. [2009] demonstrated, using Cassini data, that the direction and magnitude of the magnetic field upstream of Titan vary, depending mainly on whether Titan is located above or below Saturn's magnetospheric current sheet. Titan's distance from the current sheet is influenced by global magnetospheric oscillations at Saturn, which change the elevation of the current sheet with respect to the rotational equatorial plane. The sheet geometry was modeled by Arridge et al. [2011b] (hereafter A11).
In Figure 1 , we plot one example of current sheet elevation, Z CS , from this A11 model. For constant radial distance (e.g., along Titan's orbit), Z CS will vary with azimuth, i.e., there is a "ripple" in the sheet surface. For southern summer, Z CS is everywhere positive; hence, the azimuthally averaged surface forms a "bowl-like" shape. We have combined the A11 model of sheet geometry with the Saturn plasma disk model of Achilleos et al. [2010a] (hereafter Ach10), updated by Achilleos et al. [2010b] , in order to predict the variable magnetic and plasma parameters during the T15 encounter of Titan by the Cassini spacecraft (closest approach occurred on 2 July 2006 at 09:21 UTC, at altitude ∼1900 km). This analysis enables us to predict the variations which arise from plasma sheet oscillations. In future, we aim to repeat the analysis for additional Titan encounters, and so provide a theoretical analog of observational classifications of the Titan environment, such as those of Rymer et al. [2009] and Simon et al. [2010] . We have also chosen T15 for the present analysis because we have obtained relevant plasma moment data which we compare with our model results herein.
In section 2, we describe a combined model which employs the A11 current sheet geometry with the Ach10 magnetic field/plasma model. The "Ach10" model we use is an updated version of the original model by Achilleos et al. [2010a] , modified to include more realistic plasma parameters based on observations [Achilleos et al., 2010b] . In section 3, we implement this model and compare it to observations of the magnetic field, magnetic pressure, and hot plasma pressure for several magnetospheric oscillation periods centered on the T15 Titan flyby (hot plasma pressure refers to H+ and O+ ions with energies >3 keV [Sergis et al., 2009] . The geometry shown is for southern summer. The black, dashed circle is Titan's orbit, and the gray squares represent a curve of constant "phase" in the sheet-this curve passes through the point of maximum Z CS at each radial distance. The X KSMAG axis is the intersection of the rotational equator and the noon meridian of Saturn local time (SLT). The whole pattern rotates with a variable period, following that of the SKR.
Plasma Disk Model Description
For this study, we require a "two-component" model of Saturn's plasma disk. The first component is the A11 geometrical model of the current sheet, illustrated in Figure 1 . For cylindrical radial distance exceeding ∼12 R S , the altitude Z CS of the current sheet (with respect to Saturn's rotational equator) is given by A11:
where the first term represents the axisymmetric bowl and the second term the spatial oscillation, or ripple. Symbols have the following meanings: is cylindrical radial distance with respect to the planet's rotational/magnetic axis, R H is the hinging distance which controls the curvature of the bowl, ⊙ is the subsolar latitude at Saturn (positive for northern latitude, negative for southern), T is an effective angle of tilt for the current sheet, o = 12 R S is a scaling distance which controls the amplitude of the ripple. represents the following phase angle for describing plasma sheet oscillation, dependent on both position and time:
where SLS3 denotes the longitude of Kurth et al. [2008] , based on fitting a low-order polynomial to the nonstationary period of the Saturn Kilometric Radiation (SKR). Since SLS3 was developed, distinct SKR signals have been identified in Saturn's northern and southern hemisphere [e.g., Lamy, 2011] -the SLS3 phase lies consistently within ∼30
• of that of the southern SKR source [Andrews et al., 2010] . A "prime meridian" parameter denoted by o is fitted by A11 to different passes of Cassini data. Ω SKR is a variable angular velocity corresponding to the SLS3 period. V WAVE is a "wave speed" parameter which introduces a systematic delay of the oscillation phase with radial distance (see Figure 1 ). The T15 Titan encounter occurred during Cassini's Revolution 25. We thus adopt sheet parameters consistent with those used by A11 for their Rev 25 model fit, namely, o = 100
The second component of our plasma disk model provides magnetic field and plasma distributions for an axisymmetric, rotating magnetosphere in force balance (see Ach10 and supporting information). The Ach10 model assumes north-south symmetry, with a current sheet lying in the rotational equator. Any plasma parameter is a function of two coordinates, e.g., and Z , the respective cylindrical radial distance and altitude (with respect to the rotational equator) in the "Ach10 model space. " In order to combine the Ach10 model with the A11 sheet geometry, we calculate "equivalent Ach10 model coordinates" corresponding to the spacecraft's actual location:
where S∕C is the spacecraft's actual cylindrical radial distance from the planet's rotation / dipole axis, Z S∕C and Z CS are the respective altitudes of the spacecraft and the A11 current sheet with respect to the rotational equator,ẑ is a unit vector pointing in the northern direction of the planet's axis, andn is the unit vector normal to the A11 current sheet at the distance = S∕C . These expressions assume that the local structure of the disk plasma (at Cassini) may be approximated by a version of the Ach10 model, whose plane of symmetry has been rotated to match the local tangent plane of the A11 sheet. The final form of the model field components is given by an internal centered dipole (Ach10), aligned with Saturn's rotation axis, combined with an external component "anchored" to the A11 geometry, as follows:
where the ΔB quantities are the cylindrical external field components (total field minus internal dipole) from the Ach10 model, interpolated on the model grid at "equivalent coordinates" r , cos from equation (3). The ΔB represents external currents and include a minor magnetopause "shielding field. " Unit vectorŝC S ,̂C S lie in the tangent plane of the A11 sheet, whilê ROT lies in the local direction of planetary corotation. Adapting the approach of A11, we add an azimuthal field B = − 1 2 ΔB to represent the azimuthal "bending" of the field lines.
Comparison of Plasma Disk Models and T15 Observations
In Figure 2 , we show the observed and modeled components of the magnetic field in cylindrical coordinates. The two Ach10 model parameters explored, in order to fit the data, are the effective magnetodisk radius R DISK (which is the equatorial radius of the axisymmetric model's outer boundary/magnetopause) and a proxy for the ring current activity which makes use of the global hot plasma pressure, based on multiorbit statistics of the pressure moments from the Cassini Magnetospheric Imaging Instrument (MIMI) [see Achilleos et al., 2010b; Sergis et al., 2007] . The model field shown is for R DISK = 40 R S and average ring current (equivalent to hot plasma pressure P H = 2 × 10 −3 nPa at Titan's orbit). We show several magnetospheric oscillations. The fits to the amplitude and phase of the B (radial) and B (azimuthal) fields are reasonable, although (i) the displayed B data show a change in sign during most oscillations, indicative of passage north of the current sheet plane, which is not reproduced with the model, and (ii) the B fluctuations show a much steeper "rising" part compared to the model, suggesting that the plasma sheet ripple exhibits structure more complex than a sinusoidal form (equation (1)). The model B Z is almost in antiphase with the observation, also suggesting additional plasma sheet structure beyond our "wavy disk" model (e.g., a rotating azimuthal anomaly in hot pressure has been proposed by Brandt et al. [2010] ). Importantly, the predicted fields for a Titan-center-based observer can have significantly different amplitudes and mean values from the fields at the spacecraft, highlighting the need for reliable models in order to predict near-Titan conditions when using data acquired at further distances (>> 50 Titan radii). We show a similar plot in the supporting information for a disturbed ring current model, for which the profile of P h V , the product of hot plasma pressure and flux tube volume, was increased to twice the values for the "disturbed ring current" of Achilleos et al. [2010b] , and the disk radius reduced to 35 R S in order to facilitate obtaining a force balance solution (more details in the supporting information). This disturbed-ring-current model gives better agreement with the amplitudes of the oscillations in B at times following the Titan encounter. In Figure 3a , we show model plasma parameters corresponding to the field model of Figure 2 . The vertical velocity V Z of the plasma sheet is similar for Titan and Cassini reference frames near closest approach, with values up to ∼30 km s −1 . Similar vertical velocities were measured by the Cassini plasma spectrometer (CAPS) during the T15 flyby [Sillanpää et al., 2011] . The azimuthal velocity of the cold plasma, lying on field lines conjugate with the spacecraft, is shown in Figure 3a (middle). The largest northward excursions of the plasma sheet (zero-crossing points which occur after the positive maxima in V Z ) are accompanied by decreases in V as the spacecraft moves away from the current sheet and connects to flux tubes extending to larger radial distances, which rotate more slowly. Note that V for the interval shown, combined with the V Z for the Titan frame, indicate that the upstream plasma flow direction is tilted with respect to the rotational equator by angles ≲ 12
• . The location of maximum magnetic pressure along draped flux tubes would also be expected to deviate from the rotational equator, for appropriate oscillation phases.
The observed magnetic field is dominantly radial outside the current sheet. The maximum value of |B ∕B Z | for the interval shown is ∼20, which also equals the maximum ratio |E Z ∕E | for the convective electric field (see Arridge et al. [2011a] for more details).
In Figure 3a (bottom), we show the contributions to plasma pressure from various sources. The maximum pressure during current sheet encounters is provided by the dynamic pressure of the cold, subcorotating plasma (violet curve). In the exterior regions or "lobes" of the sheet, magnetic pressure shows local maxima and is the dominant pressure source for this average-ring-current model. The amplitudes and phasing of the observed fluctuations in magnetic pressure (thin gray curve) are in reasonable agreement with the model-although the narrower observed minima suggest a thinner sheet. The hot plasma pressure (red curve) shows relatively weak fluctuations compared to the other curves, since we assume that the hot population has uniform pressure all the way along the field lines. The blue curve indicates thermal pressure of the cold plasma. The total effective pressure predicted by the model near Titan (i.e., dynamic plus thermal plus magnetic) typically increases by a factor of approximately 3 as the current sheet center is approached. This change is mainly due to the variability in dynamic pressure between the sheet center and lobes (the relative change in pressure becomes ∼25% if dynamic pressure is excluded). For more information on pressure moments and force balance, see the supporting information.
In Figure 3b , we compare observed and modeled hot plasma pressure using the disturbed-ring-current model described above. Comparing the red curves (Figure 3b, top) , the observed hot plasma pressure reasonably agrees with the model over the time interval containing the first three sheet encounters (≲ 7 h). Interestingly, the average-ring-current hot pressure model (superposed red dashed curve) is clearly a better match to the data for times later than ∼15 h after Titan closest approach. The data show additional variability in hot pressure, partly due to plasma injections and ion beams, which are not explicitly modeled. This disturbed-ring-current model, in comparison to the average-ring-current case (Figure 3a) , shows more comparable values of magnetic and hot pressure in the lobes of the sheet (more details of models in the supporting information).
Figure 3b (bottom) shows model plasma beta parameters and the observed hot plasma beta from the Cassini data. 
Conclusions
We have calculated a plasma disk model for conditions at the orbit of Titan during the T15 encounter by Cassini. Our model reproduces some of the large-scale variability in the observed magnetic field, although more complex structure for the ripple in the current sheet is required for better agreement. The model outputs are in reasonable agreement with the Cassini observations of magnetic pressure and hot plasma pressure.
For magnetospheric oscillation phases where Titan is farthest from the current sheet, the field is strongly radial and the dominant source of pressure is the magnetic or hot plasma pressure. For phases where Titan is near the center of the sheet, the dominant sources are dynamic and hot plasma pressure. Magnetospheric oscillations also control changes in vertical and azimuthal velocities of the cold plasma for a Titan-based observer. In our model, the incident direction of cold plasma flow may be displaced from Titan's orbital plane by angles of the order ∼10
• . This result is in good agreement with observations of the plasma flow velocity
by Sillanpää et al. [2011] .
Finally, the plasma disk oscillations and global changes in the hot plasma pressure lead to a wide range of plasma beta regimes in which Titan may be immersed. The hot plasma beta may be as high as ∼30 for phases when Titan is at the center of the disk. The cold plasma beta is lower by a factor of ∼5 for the model sheet encounter closest to Titan. A pseudo plasma beta associated with the cold plasma dynamic pressure is comparable to or higher than the hot plasma beta near the disk center, depending on ring current state.
This variability in plasma conditions presents a complex requirement for modeling studies. Other models use time-dependent MHD approaches to simulate the plasma flow and periodicities [e.g., Winglee et al., 2013; Jia et al., 2012] . Our model, however, has allowed us to quantify the importance of both hot and cold particle pressure in shaping the near-Titan magnetic and plasma conditions. Our future work will comprehensively explore the response of all near-Titan pressure components and magnetic field to (i) changes in solar wind dynamic pressure and (ii) changes in global hot plasma content. Our model may be used to predict near-Titan conditions from far-field in situ measurements and also to predict plasma moments for observational situations where these are scarce, but magnetic measurements are available. We acknowledge the continued collaboration of the Cassini magnetometer (MAG) and plasma (CAPS and MIMI) instrument teams. N.A. acknowledges useful discussions with colleagues at JAXA and was supported for this work by UK STFC Consolidated grant ST/J001511/1 (UCL Astrophysics). C.S.A. was funded by a Royal Society Research Fellowship. C.B. acknowledges the financial support of the Europlanet Expert Exchange programme. Further details of magnetodisk model outputs and observational data used in this study are available from the first author upon request. N.R. is supported by a PhD grant from CONICET.
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